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Mitochondria Are Excitable Organelles
Capable of Generating and Conveying
Electrical and Calcium Signals
FrancË ois Ichas, Laurence S. Jouaville, of the inner mitochondrial membrane (for review, see
Zoratti and SzaboÁ , 1995; Bernardi and Petronilli, 1996),and Jean-Pierre Mazat
Department of Medical Biochemistry and related to the mitochondrial ATP/ADP carrier (Brustovet-
sky and Klingenberg, 1996), and functionally reminiscentMolecular Biology
Integrated Biological Systems Study Group of the ER ryanodine-receptor channel (Bernardi and Pe-
tronilli, 1996). Schematically, the PTP can operate underVictor Segalen-Bordeaux 2 University
33076 Bordeaux Cedex two distinct modes: high conductance state associated
with persistent pore opening and low conductance stateFrance
associated with transitory pore opening (Zoratti and
SzaboÁ , 1995). While the former mode takes part in the
cascade leading to oxidative cell death (Crompton andSummary
Costi, 1990; Griffiths and Halestrap, 1995; Nieminen et
al., 1995) and apoptosis (Kroemer et al., 1995; ZamzamiWe report Ca21-induced release of Ca21 from mito-
et al., 1996), little is known about the role of the latterchondria (mCICR) dependent on transitory opening of
mode.the permeability transition pore (PTP) operating in a
We find here that Ca21-induced release of Ca21 fromlow conductance mode. The Ca21 fluxes taking place
mitochondria (mCICR) depends on the transitory open-during mCICR are a direct consequence of the mito-
ing of the PTP operating in a low conductance mode.chondrial depolarization spike (mDPS) caused by PTP
Such PTP opening transitorily dissipates the transmem-opening. Both mDPS and mCICR can propagate from
brane proton (H1) gradient. The resulting mitochondrialone mitochondrion to another in vitro, generating trav-
depolarization spike (mDPS) is the cause for the electro-eling depolarization and Ca21 waves. Mitochondria
chemical redistribution of Ca21 that constitutes thethus appear to be excitable organelles capable of gen-
mCICR transient. In vitro, mDPS/mCICR can propagateerating and conveying electrical and Ca21 signals. In
from one mitochondrion to another, generating travelingliving cells, mDPS/mCICR is triggered during IP3-
depolarization and Ca21 waves. In living cells, mitochon-induced Ca21 mobilization and results in the amplifica-
drial Ca21 uptake during IP3-induced Ca21 mobilizationtion of the Ca21 signals primarily emitted from the en-
triggers a mitochondrial Ca21 efflux identifiable withdoplasmic reticulum.
mDPS/mCICR that amplifies the [Ca21]c signals primarily
emitted from the ER. The amplifying effect of mDPS/Introduction
mCICR on the [Ca21]c transients is a consequence of
the ªall-or-nothingº activation of the PTP by the raiseDuring IP3-induced Ca21 mobilization from theendoplas- in matrix pH (pHi) consecutive to mitochondrial Ca21mic reticulum (ER) (for review, see Berridge, 1993; Clap-
uptake. Our data thus identify mitochondria with excit-ham, 1995; Miyazaki, 1995; Thomas et al., 1996), the
able organelles contributing to intracellular CICR pro-neighboring mitochondria sequester some of the Ca21
cesses.released (Biden et al., 1984; Rizzuto et al., 1993; Loew
et al., 1994; HajnoÂ czky et al., 1995; Hoek et al., 1995).
One consequence is the in situ stimulation of oxidative Results and Discussion
metabolism (Duchen, 1992; Pralong et al., 1994; HajnoÂ c-
zky et al., 1995) resulting from the activation of matrix Operation Mode of the PTP during mCICR
As in the case of rat liver mitochondria (Ichas et al.,Ca21-sensitive dehydrogenases (Denton and McCor-
mack, 1990). However, mitochondrial Ca21 uptake per 1994), mCICR takes place in stirred suspensions of
mitochondria isolated from Ehrlich cells upon pulsedse also has an important extramitochondrial conse-
quence: it modulates the amplitude and spatiotemporal Ca21 delivery (Figure 1A). mCICR takes the form of a Ca21
transient detectable in the extramitochondrial mediumorganization of thecytosolic Ca21 signals ([Ca21]c) (Joua-
ville et al., 1995; Budd and Nicholls, 1996; Simpson and (Figure 1A). The ion permeability that is transitorily
established during mCICR is not Ca21 specific, sinceRussell, 1996). To account for this observation, it has
been proposed that mitochondrial Ca21 uptake may reg- concomitant H1 and K1 fluxes are also observed. Owing
to the transitory H1 influx, a mirror-image membraneulate IP3 receptor (IP3R) activity by local Ca21 buffering
(Jouaville et al., 1995; Simpson and Russell, 1996). How- depolarization occurs together with the Ca21 transient
(Figure 1A; see also Figure 7B), while at the same timeever, the operation of mitochondrial Ca21 releaseÐ
subsequent to mitochondrial Ca21 uptakeÐis also a K1 is released from the mitochondrial matrix (Figure 1A).
The lack of selectivity of the ion conductance involvedcandidate for modulation of [Ca21]c transients (Altschuld
et al., 1992; Friel and Tsien, 1994; Ichas et al., 1994; in the release phase of the transient, together with its
Ca21-dependent triggering, indicates that PTP openingBabcock et al., 1997). Strikingly, in isolated mitochondria
Ca21 uptake can trigger Ca21-release transients, i.e., is responsible for mCICR. Moreover, the mitochondrial
repolarization, the reuptake of Ca21, and the absencemitochondria are capable of CICR owing to the Ca21-
activated opening of the permeability transition pore of K1 reuptake that characterize the descending phase
of the transient (Figure 1A) indicate that PTP opening(PTP) (Evtodienko et al., 1994; Ichas et al., 1994). The
PTP is a Ca21-, voltage-, pH-, and redox-gated channel is transitory. The concomitant inhibitory effect of
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cyclosporin A (CsA) and ADP on all the component ion
fluxes (Figure 1A) confirms the involvement of the PTP
(for review, see Zoratti and SzaboÁ , 1995; for the mecha-
nism of CsA inhibition, see Connernand Halestrap, 1996;
Nicolli et al., 1996). Operation of the PTP in its high
conductance/persistent opening mode is known to in-
duce mitochondrial swelling by allowing the influx of the
external osmotic support (Massari, 1996; for review, see
Zoratti and SzaboÁ , 1995). During mCICR, no swelling
occurs; instead, we observe a mitochondrial contraction
(Figure 1A). The contraction, which is due to the net
solute loss associated with the release of K1 (Figure
1A), suggests that mitochondria do not become perme-
able to sucrose during mCICR and, thus, that the PTP
is operating in a low conductance/transitory opening
mode (Zoratti and SzaboÁ , 1995). We further investigated
this point in Figure 1B, using the property of mitochon-
dria to behave as osmometers (Tedeschi and Harris,
1955; Massari et al., 1972; Beavis et al., 1985). We sub-
mitted mitochondria to fixed sucrose osmotic pulses
before and at different stages of the mCICR spike and
monitored the resulting mitochondrial volume changes.
The rate of mitochondrial shrinkage, as well as the final
mitochondrial volume reached after the sucrose addi-
tions, are independent of the mCICR stage at the time
of the osmotic pulse (Figure 1B), showing that mitochon-
dria never become sucrose permeable during mCICR.
To confirm this result, we compared variations of the
isotopic [H2O±inulin] and [H2O±sucrose] distribution vol-
umes in mitochondrial suspensions (Igbavboa and Pfeif-
fer, 1991) during mCICR. Here also, we found that mito-
Figure 1. mCICR Is Due to the Transitory Opening of the PTP Op-
chondria do not become sucrose permeable (n 5 5).erating in a Low Conductance Mode
Thus, mCICR depends on a transitory opening of the(A) Twenty-five nanomoles Ca21 3 mg21 were delivered as a step
PTP operating in a low conductance mode, during whichto a stirred mitochondrial suspension (Ca21), while [Ca21]o, DC, mito-
only solutes smaller than sucrose (i.e., MW , 343) canchondrial volume, and [K1]o were monitored simultaneously. Phase
1: DC-driven mitochondrial Ca21 uptake. Phase 2: mitochondrial cross the mitochondrial membrane.
Ca21 release, decline of DC, mitochondrial contraction, and mito-
chondrial K1 release. Phase 3: reuptake of Ca21 and restoration of mDPS, mCICR, and Excitability
DC, without volume variation or reuptake of K1. The succession of The concomitance of mDPS and mCICR (Figure 1A) ad-
Phases 2 and 3 constitutes mDPS/mCICR. The lighter traces were
dresses the question of the causal relationship betweenrecorded in the presence of 10 mM CsA or 100 mM ADP, which
mitochondrial membrane potential (DC) and Ca21 fluxesboth inhibit PTP. The steady [K1]o reached at the end of Phase 2
during mCICR. In mitochondria, the resting DC resultscorresponds to the calculable electrochemical equilibration of the
total K1 contained in all the mitochondria present in the suspension from the transmembrane H1 gradient that is maintained
(n 5 5), indicating that the entire mitochondrial population under- by the respiratory chain at the expense of oxygen and
goes PTP opening during Phase 2. The addition of 0.5 mM RR at oxidizable substrates (Nicholls, 1982). Since mitochon-
various stages of Phase 2 did not significantly affect the rates or
dria are bidirectionally permeable to Ca21 owing to thethe amplitudes of the various ion fluxes taking place during this
presence of a Ca21 uniporter in their inner membranephase (n 5 5), indicating that there is no progressive ªCa21 chain-
(Nicholls and AÊ kerman, 1982; Gunter and Gunter, 1994;reactionº recruitment. Thus, all the mitochondria undergo mDPS/
mCICR synchronously. Ca21 uptake Phases 1 and 3 are inhibited by Sparagna et al., 1995), DC is reponsible for the second-
0.5 mM RR (n 5 3), indicating the involvement of the Ca21 uniporter. ary building of a Ca21 gradient that electophoretically
(B) mCICR-associated mitochondrial contraction (thick trace) as in reflects the DC value (Wingrove et al., 1984). Conse-
(A) and volume variations (thin traces) induced at different stages quently, any drop in DC, e.g., the transitory depolariza-
by 60 mOsM sucrose pulses (asterisks), evidencing that PTP is
tion caused by H1 influx during PTP opening, is ex-operating here in a low conductance/transitory opening mode.
pected to result in a redistribution of Ca21 between the(C) Schematic model of the transmembrane ion fluxes taking place
intra- and extramitochondrial spaces, during which Ca21during Phases 1, 2, and 3. Left channel, Ca21 uniporter (open); cen-
tral, PTP (closed); right proton pump, respiratory chain (shaded). uses all available routes through the mitochondrial
Phase 1: repiratory chain maintains the proton gradient responsible membrane (Bernardi et al., 1984; Igbavboa and Pfeiffer,
for membrane polarization (DC). Ca21 enters mitochondria owing to 1988) (Figure 1C). We have tried to determine whether
DC through the uniporter, while the respiratory chain electrically
compensates the resulting influx of positive charges by extruding
more protons. Phase 2: PTP opening provides an inward pathway
for protons that shunts the activity of the respiratory chain and the respiratory chain restores the proton gradient and correspond-
collapses DC. As a result, Ca21 and K1 undergo outward electropho- ing DC. Ca21 is reaccumulated owing to restored DC, while K1
retic redistribution. Phase 3: PTP closure stops proton inflow, and remains outside since no uptake pathway is available.
Mitochondria Are Excitable
1147
such electrophoretic changes in the transmembrane
Ca21 gradient could be detected during mCICR (Figure
2). To this aim, we monitored simultaneously extramito-
chondrialCa21 ([Ca21]o), DC, and intramitochondrialCa21
(Ca21m). To detect Ca21m changes, we used chlorotetra-
cycline (CTC), which is a fluorescent Ca21 probe that
allows continuous monitoring of an intramitochondrial
Ca21 pool bound to the inner mitochondrial membrane
(Caswell and Hutchinson, 1971; Caswell, 1972; Schuster
and Olson, 1974; Luthra and Olson, 1976; Mùller et al.,
1986) corresponding to the main mitochondrial Ca21
pool subject to DC-dependent electrophoresis (Luthra
and Olson, 1976; Babcock et al., 1979; Kim et al., 1984;
Mùller et al., 1986). Ca21m revealed by CTC appears more
suited to the study of the electrophoretic Ca21 gradient
than the free-matrix Ca21 concentration, since the latter
does not apparently reflect the amount of exchangeable
mitochondrial Ca21 but rather the value of the steady-
state transmembrane Ca21 fluxes (compare the results
of Coll et al. [1982], Kim et al. [1984], and Wingrove et
al. [1984] with those of Rizzuto et al. [1993] and Rusten-
beck et al. [1993]). Using this approach, we find that
the Ca21 fluxes that characterize mCICR are a direct
consequence of the transitory depolarization resulting
from the H1 conductive pathway provided by PTP open-
ing (Figure 2). Indeed, the changes of the [Ca21m-Ca21o]
gradient exactly parralel those of DC during mCICR (Fig-
ure 2A), as well as when DC is artificially collapsed by
the protonophore FCCP (Figure 2B). Thus, mCICR is
simply driven by the mDPS caused by PTP opening.
Such mDPS constitutes a regenerative electric signal
Figure 2. mCICR Is an Electrophoretic Consequence of the Depo-that is reminiscent of the action potentials generated in
larization Spike Caused by PTP Openingthe plasma membrane of excitable cells. Indeed mDPS/
Simultaneous variations of [Ca21]o, DC, and Ca21m in mitochondrialmCICR triggering is threshold dependent (Ichas et al.,
suspensions during mCICR triggered by 25 nmol Ca21 3 mg21 (A),1994; see also Figure 7) and corresponds to a large
and during FCCP (500 nM) challenge (B).
excursion away from a steady state that is finally re- (A) mCICR was triggered in the conditions of Figure 1A. The re-
stored when excitation subsides. Mitochondria thus ap- cordings show that mCICR corresponds to the collapse of the elec-
pear as excitable organelles. trophoretic Ca21 gradient [Ca21m±Ca21o] driven by the depolarization
spike (DC) caused by transitory PTP opening. The ion fluxes respon-
sible for Ca21 release during mCICR are schematized (bottom) using
the components described in Figure 1C.Depolarization and Ca21 Waves Generated
(B) Mitochondria were loaded with 25 nmol Ca21 3 mg21 in theby mDPS/mCICR
presence of 10 mM CsA to prevent PTP opening. After completion of
In the above experiments, we used stirred homogenous Ca21 uptake, we used the protonophore FCCP (500 nM) to collapse
mitochondrial suspensions in which all mitochondria un- artificially the proton gradient independently of PTP operation. After
dergo mDPS/mCICR synchronously (Figure 1, legend). FCCP challenge, both DC and the electrophoretic Ca21 gradient
[Ca21m±Ca21o] collapse as in (A). However, owing to the permanenceSince mDPS/mCICR is autocatalytic, the elemental
of the inward proton pathway provided by FCCP, DC is never re-mDPS/mCICR generated by individual mitochondria
stored and the Ca21 released is never taken up again by mitochon-represent single excitatory events theoretically suscep-
dria. The ion fluxes responsible for Ca21 release consecutive to
tible to be spatially coupled by the diffusion of Ca21. FCCP challenge are schematized (bottom) using the components
This means that in immobile mitochondrial populations, described in Figure 1C.
a locally triggered mDPS/mCICR should beable to prop-
agate from one mitochondrion to another and thus be
detected as traveling potential and Ca21 waves. We Ca21 uniport. The inhibiting effect of CsA (Figure 3B)
finally demonstrates that the traveling wavefronts actu-immobilized mitochondria in a gel phase, performed a
localized Ca21 stimulation, and imaged DC and [Ca21]o ally correspond to the propagation of mDPS/mCICR.
Although the mitochondrial density is lower and the rateby confocal laser-scanning microscopy (CLSM). In these
conditions, we observed coincident wavefronts of DC of Ca21 diffusion higher in the gel phase than in the
cytosol (see Figure 3, legend), our results show thatdecreases and [Ca21]o increases (Figures 3A) propagat-
ing away from the Ca21 stimulation site. These waves mitochondrial populations do constitute an autonomous
Ca21-excitable medium propagating electrical and Ca21depend both on the intermitochondrial diffusion of Ca21
and onmitochondrial Ca21 uptake, since they were abol- signals in space. This feature, which is probably also at
the origin of the optical dissipative structures observedished by loading the gel either with 100 mM EGTA (n 5 3),
or 0.5 mM ruthenium red (RR) (n 5 3), which blocks the in oscillating mitochondrial preparations (Holmuhamedov,
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Figure 3. Traveling Depolarization and Ca21
Waves Propagated by mDPS/mCICR In Vitro
(A) Upper row: successive TMRM (100 nM)
fluorescence images of a CLSM section of
a gel-immobilized mitochondrial suspension
stimulated locally (upper right corner) with 10
nmol Ca21, showing the propagation of a DC
(depolarization) wave. Owing to low magnifi-
cation, the intensity of the signals is inversely
proportional to DC (see Figure 5). Lower row:
corresponding Calcium Green 5N (1 mM) fluo-
rescence images acquired simultaneously,
showing the concomitant propagation of a
[Ca21]o wave.
(B) Prevention of DC wave (left panels) and
corresponding [Ca21]o wave (right panels)
propagation by 10 nmol CsA added at t 5 0.
The gel was stimulated locally (upper left cor-
ner) with 10 nmol Ca21. Owing to the fact that
CsA inhibition of the PTP is competitive with
Ca21 (for review, see Zorattiand SzaboÁ , 1995),
mDPS/mCICR is triggered at the level of the
stimulation site, where [Ca21]o is high enough
to compete efficiently with CsA. However,
away from the stimulation site, the amount
of Ca21 released by excited mitochondria
is too small to mute CsA inhibition, and the autocatalytic propagation process stops. As a result, the waves initially generated remain stationary
and abort.
The mitochondrial density used in the gel is 2% (v/v), i.e., z103 lower than in cells. Low mitochondrial density was used here to avoid rapid
mitochondrial anoxia; however, the absence of complete mitochondrial repolarization and reuptake of Ca21 behind the wavefronts (A) indicate
that the rate of oxygen diffusion through the thickness of the gel is probably still limiting in our conditions. The speed of the [Ca21]o waves
promoted by mDPS/mCICR in agarose gels is lower than 1 mm/s, while the rate of intermitochondrial Ca21 diffusion in the gel phase is close
to that of Ca21 in pure water (z300 mm2/s), owing to the absence of any extramitochondrial Ca21 buffer. Thus, the propagation rate of [Ca21]o
waves in gels appears principally limited by the intrinsic operation rate of mDPS/mCICR.
1986), highlights the potential importance of mDPS/ mitochondrial Ca21 uptake may in fact trigger a mito-
chondrial Ca21 efflux amplifying [Ca21]c transients. IfmCICR for intracellular Ca21-signaling processes.
mDPS/mCICR is involved, then CsA should also de-
crease the size of the [Ca21]c transients. Figure 4A showsAmplification of IP3-Dependent Ca21 Signals
that CsA does cause an z25% inhibition of the ampli-by mDPS/mCICR
tude of the [Ca21]c responses without affecting [ATP]iEhrlich cells exposed to ATP exhibit [Ca21]c responses (control, 1915 6 85 pmol ATP/106 cells [n 5 5]; CsA,resulting from the stimulation of P2 purinoreceptors that
2032 6 176 pmol ATP/106 cells [n 5 5]). This inhibitionpromote IP3 production, tapping of intracellular Ca21
is neither mediated by the Ca21 signal±modulatingpools, and activation of capacitative Ca21 entry (Dubyak,
cyclophilin ligand (CAML), since extracellular Ca21
1986). In the following experiments, cell suspensions
is required for CAML-dependent effects (Bram and
were stimulated with ATP 30s after chelation of extracel-
Crabtree, 1994), nor is due to an effect of CsA on IP3lular Ca21 to prevent any contribution of Ca21 entry (Dub-
production after agonist stimulation (Groblewski et al.,
yak, 1986). To reveal the possible contribution of mito-
1994). Indeed, CsA causes a similar inhibition of the
chondrial Ca21 uptake to [Ca21]c transients, we collapsed [Ca21]c transients when they are triggered by challenging
DC with FCCP (Friel and Tsien, 1994; HajnoÂ czky et al., cells with ionomycin (Figure 4A), which directly releases
1995; Herrington et al., 1996), while the intracellular ATP Ca21 from the ER (Artalejo and GarcõÂa-Sancho, 1988).
content ([ATP]i) was maintained to control values with Finally, the action of CsA neither depends on a direct
oligomycin and glucose (Budd and Nicholls, 1996) (con- inhibition of the IP3R or of the ER Ca21-ATPases (Figure
trol, 1915 6 85 pmol ATP/106 cells [n 5 5]; FCCP, 1872 6 1B), nor on an interaction with ryanodine receptors,
127 pmol ATP/106 cells [n 5 5]). Upon mitochondrial since the latter appear functionally absent in Ehrlich
uncoupling, peak transient changes undergo an z40% cells, as judged from the lack of effect of ryanodine (0.1
amplitude decrease (Figure 4A). On the basis of recent and 1 mM, n 5 5) or cyclicADP-ribose (1 and 20 mM,
observations in neural cell types (Friel and Tsien, 1994; n 5 5) on permeabilized cells. It thus appears that the
Herrington et al.,1996), one might expect that preventing inhibitory action of CsA on [Ca21]c transients depends
mitochondrial Ca21 uptake with FCCP would instead on an interaction with a process distal to IP3-induced
increase the size of the [Ca21]c transients. However, in ER Ca21 mobilization and dependent on mitochondrial
agreement with our results, the prevention of mitochon- Ca21 uptake, since CsA is ineffective in the presence of
drial Ca21 uptake in neurons was also found to decrease FCCP (Figure 4A). Taken together, these results suggest
the size of the [Ca21]c transients in conditions where that during ER Ca21 mobilization, mitochondrial Ca21
[ATP]i was quantified and shown to be maintained to uptake triggers a CsA-sensitive Ca21-release mecha-
control values (Budd and Nicholls, 1996). nism that amplifies [Ca21]c transients.
We further tried to determine whether this mechanismThese observations represent an indication that
Mitochondria Are Excitable
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Figure 4. Mitochondrial Amplification of IP3-Dependent [Ca21]c
Transients
(A) Given T the moment of agonist stimulation, suspensions of Fura
2AM-loaded Ehrlich cells were incubated at 378C starting from T 2
420 s, 10 mM glucose was added at T 2 400 s, and extracellular
Ca21 was lowered to z0.1 mM with 2.5 mM EGTA at T 2 30 s. [Ca21]c
transients were triggered with ATP (50 mM) or ionomycin (150 nM).
Ctrl, control conditions; Fccp, FCCP 1 oligomycin (1 1 0.1 mM);
CsA, CsA (10 mM); Fccp 1 CsA, FCCP 1 oligomycin 1 CsA (1 1
0.1 1 10 mM). All drugs added at T 2 380 s.
(B) Suspensions of permeabilized cells were incubated at 378C start-
ing from T 2 900 s and treated with 1 mM FCCP 1 0.1 mM oligomycin Figure 5. TMRM and CTC as Probes for Measuring Changes of DC
at T 2 880 s (Ctrl) to prevent any mitochondrial contribution to the and Ca21m in Cell Suspensions
signals or with 1 mM FCCP 1 01 mM oligomycin 1 10 mM CsA at
(A) Probing DC using TMRM fluorescence quenching. Left panelT 2 880 s (CsA) to test the influence of CsA on the ER. IP3-triggered
shows the time course of TMRM (100 nM) fluorescence in a phos-Ca21 efflux (IP3) from the ER, as well as the rate of Ca21 uptake by
phorylating mitochondrial suspension (1 mg 3 ml21 basic mediumthe ER, are unaffected by CsA. Similar results were obtained in the
supplemented with 3 mM phosphate, 3 mM ADP, 1 mM MgCl2; givenpresence of 50 mM GTP (n 5 5) that prevents the disruption of the
T the time of oligomycin addition, TMRM was added at T 2 60 s).ER structure during permeabilization (HajnoÂ czky et al., 1994).
Oligomycin (0.1 mM) increases DC and increases TMRM fluores-Numerical values displayed: mean 6 SEM D[Ca21]c expressed as cence quenching. FCCP (1 mM) collapses DC and decreases TMRMpercentage of the average reference D[Ca21]c pointed by dashed fluorescence quenching. Right panel displays a similar experimentarrow ([A] and [B] [upper value]); mean 6 SEM rate of Ca21 uptake
performed on Ehrlich cells (suspension as in Figure 4; 10 nM TMRMexpressed as percentage of the average reference rate pointed by
added at T 2 380 s).dashed arrow ([B] [slope max]).
(B) Confocal image of Ehrlich cells loaded with TMRM and CTC
showing the spatial distribution of TMRM fluorescence correspond-
ing to mitochondria.could be identified with mDPS/mCICR using a nonphar-
(C) Confocal image of the same cells showing the coincident spatial
macological approach. To this aim, we selected mito- distribution of CTC fluorescence.
chondrial parameters whose time course could unequiv- (D) Changes in CTC fluorescence occurring after mobilization of
mitochondrial and ER Ca21 in permeabilized cells previously loadedocally probe the operation of mDPS/mCICR and that
with CTC (Ikeda and Takasaka,1993). Plain trace, CTCfluorescence;could be experimentally accessible both in isolated
light trace, [Ca21]o (Fura 2, 1 mM); FCCP, FCCP 1 oligomycin (1 1mitochondria and in intact cells using a similar
0.1 mM); IP3, IP3 (5 mM).methodology. DC and Ca21m fit these two criteria. Re-
garding DC, the potential-sensitive probe tetrameth-
ylrhodaminemethylester (TMRM) undergoes fluores-
fluorescence compared with the fluorescence collapsecence quenching upon its DC-dependent mitochondrial
observed upon the depolarization-induced discharge ofaccumulation (Figure 5A). This quenching also operates
Ca21m (Figure 5D). Using these probes, we followed thein situ and can thus be used to qualitatively detect DC
time courses of [Ca21]c, DC, and Ca21m in living cellsvariations in cell suspensions (Figure 5A). Regarding
challenged with ATP (Figure 6B) and compared themCa21m, CTC has the particularity of localizing selectively
with the kinetics of the same parameters in mitochon-to mitochondria in various living cells (DuBuy and Show-
drial suspensions undergoingmDPS/mCICR (Figure 6A).acre, 1961; Babcock et al., 1979; Wise and Wolniak,
Chronological analysis reveals a striking qualitative1984; Ikeda and Takasaka, 1993). With regards to the
similarity in the dynamics of the above-mentioned pa-binding mechnism of CTC (Caswell, 1972), one can de-
rameters, as well as a comparable sensitivity to CsA,duce from such targeted CTC accumulation that the
in the two different experimental conditions (Figure 6).Ca21 content of the Ca21m pool is high in situ. We first
Taken together, these data indicate that mDPS/mCICRconfirmed the mitochondrial localization of CTC in Ehr-
is triggered in situ during IP3-dependent Ca21 mobiliza-lich cells by a colocalization study of cells loaded with
tion and results in the amplification of the [Ca21]c signals.CTC and TMRM (Figures 5B and 5C). Second, we per-
However, the question of the mechanism by whichformed a functional study using permeabilized cells pre-
mDPS/mCICR amplifies [Ca21]c transients remains un-viously loaded with CTC and found that Ca21 mobiliza-
tion from the ER induces negligible changes in CTC answered. In other words, why and how do mitochondria
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release more Ca21 than the amount taken up to trigger
mDPS/mCICR?
Figure 7 shows that mDPS/mCICR triggering on iso-
lated mitochondria does not depend in fact on the abso-
lute amount of Ca21 taken up by mitochondria but on
the rate at which Ca21 is provided to the organelles. For
the same amount of Ca21 delivered, mitochondria can
behave either as Ca21-storage organelles (slow delivery
rate) (Figure 7A), or undergo mDPS/mCICR (fast delivery
rate) and release more Ca21 than the trigger Ca21 stimu-
lus, i.e., mDPS/mCICR also mobilizes the Ca21 pre-
viously stored in mitochondria (Figure 7B).
PTP activation is favored by Ca21 at the level of an
intramitochondrial site (for review, see Zoratti and
SzaboÁ , 1995). The dependence of mDPS/mCICR on the
rate of Ca21 delivery may then result from a competition
between intramitochondrialCa21-buffering mechanisms
and Ca21 binding to the PTP regulatory site. This expla-
nation does not hold, since there is no correlation be-
tween the value of Ca21m and the occurence of PTP
opening (compare Figures 7A and 7B), and Sr21, which
is unable to activate directly the PTP at the level of this
site (for review, see Zoratti and SzaboÁ , 1995), however,
can trigger mDPS/mCICR (Holmuhamedov et al., 1995).
Figure 6. Mitochondrial Amplification of IP3-Dependent [Ca21]o Sig-
DC and pHi are the two other key PTP effectors (for nals owing to mDPS/mCICR
review, see Zoratti and SzaboÁ , 1995; Bernardi and Petro- (A) Simultaneous variations of [Ca21]c, DC, and Ca21m in mitochon-
nilli, 1996) kinetically modulated by mitochondrial Ca21 drial suspensions during mDPS/mCICR. Ca21 stimulation as in Fig-
uptake (Nicholls and AÊ kerman, 1982; Gunter and Gunter, ures 1A and 2; Phases 1, 2, and 3 correspond to those of Figure
1A. The light traces were obtained in the presence of 10 mM CsA.1994). Figures 7A and 7B show that the pattern of DC
(B) Simultaneous variations of [Ca21]c, DC, and Ca21m in cell suspen-variation observed here during Ca21 uptake is indepen-
sions challenged with ATP to trigger IP3-dependent Ca21 mobiliza-dent of the rate of Ca21 delivery. On the contrary, pHi
tion. Compare with panel (A). During Phase 1, IP3-induced ER Ca21changes are strongly affected, suggesting that pHi con- mobilization results in a rise in [Ca21]c with no detectable changesstitutes the actual trigger of mDPS/mCICR, allowing the in DC but concomitant with an increase of Ca21m. The absence of
threshold-dependent activation that is at the origin of mitochondrial depolarization during this Ca21 uptake phase indi-
the amplifying effect of mDPS/mCICR (Figure 7, legend). cates that, in situ, the mitochondrial maximal respiratory rate, i.e.,
the maximal proton extrusion rate, exceeds the operating Ca21 up-In conclusion, our results demonstrate that mDPS/
take rate, thus allowing an instantaneous charge compensation. InmCICR contributes to theascending phase of the [Ca21]c
Phase 2, while [Ca21]c further increases, a DC downfall takes placetransients, thereby increasing their amplitude, and iden-
that taps Ca21m. During Phase 3, the parameters return to theirtify mitochondria with excitablecomponents of the intra-
resting values. In the presence of 10 mM CsA (light traces), the
cellular CICR machinery that actively contribute to cell events characterizing Phase 2 are inhibited.
Ca21 signaling. They also show that the PTP is a mito- The reason for the phase shift between [Ca21]c, and DC and Ca21m
chondrial channel relevant to the context of cell Ca21 in (B) is that the [Ca21]c spike represents a hybrid signal with the
contribution of both reticulum and mitochondria during the releasehomeostasis, thus confirming the early proposal of
phase and of the various Ca21-ATPase pumps plus mitochondriaAltschuld et al. (1992). Our results indicate that the spe-
during the relaxation phase. During Phase 1, the increase of [Ca21]ccific conformation of the PTP supporting mDPS/mCICR
is due to the sole reticulum, some of the Ca21 released being takenis mainly pHi operated according to the following se- up by mitochondria at this time. During Phase 2, both mDPS/mCICR
quence: (i) Ca21 enters mitochondria owing to DC, which and the reticulum contribute to the further [Ca21]c rise. During relax-
is negative inside theorganelle; (ii) charge compensation ation phase (Phase 3), the Ca21-ATPases of the plasma membrane
by the respiratory chain raises pHi; (iii) high pHi triggers (main contribution [Artalejo and GarcõÂa-Sancho, 1988]) and of the
reticulum, as well as mitochondria, clear cytosolic Ca21. In isolatedPTP opening; (iv) PTP opening collapses the proton gra-
mitochondrial suspensions (A), only mitochondria are present; thus,dient causing decline of DC, outward electrophoretic
the [Ca21]o variations strictly reflect mitochondrial Ca21 fluxes.redistribution of Ca21, and matrix acidification; (v) matrix
acidification closes the PTP; (vi) respiratory chain re-
builds the proton gradient, thus restoring DC; and (vii)
restored DC drives Ca21 reuptake. Moreover, since
the triggering mechanism of mDPS/mCICR evidencedmDPS/mCICR relies on the transitory dissipation of the
here, mitochondrial excitability is expected to operatemitochondrial proton gradient through the PTP, mDPS/
specifically at the level of mitochondria sensing particu-mCICR is also at the origin in vitro of simultaneous tran-
larily high Ca21 concentrations, i.e., strategically locatedsitory declines in oxidative ATP production that result
near the ER Ca21 release channels (Rizzuto et al., 1993;in the generation of inverted [ATP] spikes (L. S. J. et al.,
Simpson and Russel, 1996), while more distant mito-unpublished data). Thus, besides Ca21 fluxes per se,
chondria might principally constitute passive targets ofthe concomitant ATP fluctuations promoted by mDPS/
cytosolic Ca21 signals involved in the adaptation of themCICR might represent an aditional way by which mito-
energetic output to the cellular demand (HajnoÂ czky etchondrial excitability may significantly influence the op-





For isolation, z1010 Ehrlich cells (Dubyak, 1986) were washed and
suspended (200 ml, 28C) in 200 mM sucrose, 20 mM Tris (pH 7.5).
The suspension was incubated with 100 mM digitonin for 30 min at
28C and potterized, and mitochodnria were isolated by standard
differential centrifugation. The absence of functional microsomial
contamination was confirmed by assaying the preparation for IP3-
and thapsigargin-releasable Ca21 pools (n 5 5).
mDPS/mCICR Monitoring in Mitochondrial Suspensions
For mDPS/mCICR multiparametric studies, mitochondria were sus-
pended (2 mg 3 ml21) at 308C in 50 mM sucrose, 10 mM succinate,
10 mM Tris (pH 7.5). Such hypoosmotic conditions facilitate the
experimental observation of mDPS/mCICR in vitro owing to a sensi-
tization of the PTP to Ca21 (Connern and Halestrap, 1996). However,
mDPS/mCICR can still be detected in mitochondrial suspensions
when external osmolarity is raised up to 180 mOsM (n 5 5). Before
recordings, mitochondria were loaded with 25 nmol Ca21 3 mg21.
The simultaneous acquisition of the signals transducted by ion-
selective minielectrodes, fluorescent probes, and phototransistors,
was performed essentially as previously described (Ichas et al.,
1994; Evtodienko et al., 1996). In brief, [Ca21]o was reported either
by a Ca21-selective electrode or the fluorescence of Calcium Green
5N (excitation-emission pair [x-m] 5 505±534 nm). DC was moni-
tored quantitatively using a TPP1-selective electrode in the pres-
ence of 1 mM TPP1 or qualitatively using the quenching of the
fluorescence of 100 nM TMRM (x-m 5 556±576 nm) (Figure 5). Mito-
chondrial volume was monitored by light scattering at 550 nm, and
the signals were calibrated by point determinations of the isotopic
[H2O±inulin] and [H2O±sucrose] distribution volumes (Igbavboa and
Pfeiffer, 1991). [K1]o was reported by a K1-selective electrode. For
pHi monitoring, mitochondria (30 mg 3 ml21) were loaded with
BCECF-AM during 30 min at 208C in the isolation medium supple-
mented with 30 mM glutamate and 30 mM malate (x-m 5 505±534
nm). The absence of BCECF leakage during mDPS/mCICR (MW .Figure 7. Amplification Is Due to the Threshold-Dependent Trig-
the operating PTP pore size) was confirmed by fluorescence detec-gering of mDPS/mCICR by pHi tion in the supernatant of samples removed at different stages of
Simultaneous changes in [Ca21]o, DC, pHi, and Ca21m in mitochon- mDPS/mCICR (data not shown). For Ca21m monitoring, we used the
drial suspensions submitted to different rates of Ca21 stimulation, fluorescence of 1 mM CTC (Caswell, 1972; Schuster and Olson,
the amount delivered being kept constant at 30 nmol Ca21 3 mg21. 1974; Luthra and Olson, 1976; Mùller et al., 1986), with excitation
(A) Mitochondria were submitted to 3 pulses (arrows) of 10 nmol and emission wavelenghts that favor Ca21 over Mg21 sensing (x-m 5
Ca21 3 mg21 delivered at 30 s intervals, corresponding to a mean 405±530 nm) (Caswell, 1972; Fabiato and Fabiato, 1979), after having
Ca21 delivery rate of 30 nmol Ca21 3 mg21 3 min21. During the checked that the pHi variations that take place during mCICR do
stimulation, the successive mitochondrial Ca21 uptake phases in- not affect CTC fluorescence (Caswell, 1972) (see the absence of
duce transitory drops in DC that activate the respiratory chain that correlation between the pHi and Ca21m recordings by comparing
compensate the potential loss by extruding protons, resulting in Figures 7A and 7B). A technical advantage of CTC is that the mecha-
pHi increases. The latter, although much more persistent, are also nism of Ca21m sensing by CTC (Caswell, 1972) makes this probe
transitory due to the H1 exchange associated with the binding of unsensitive to the membrane permeability changes that could possi-
Ca21 to the membrane (Puskin and Gunter, 1973; Luvisetto et al., bly affect the distribution of regular hydrophilic probes trapped in the
1991) and to the passive H1 membrane permeability (SchoÈ nfeld et matrix. Our multiparametric measurements (e.g., Figure 2) identified
al., 1992). CTC with the best probe capable to reflect reliably the intramito-
(B) The 3 pulses were now delivered at 10 s intervals, corresponding chondrial Ca21 pool filling and emptying to the extramitochondrial
to a mean Ca21 delivery rate of 90 nmol Ca21 3 mg21 3 min21. Here, medium during mDPS/mCICR. Indeed, alternative experiments us-
the rate of Ca21 stimulation exceeds the rate of the passive proton ing mitochondria loaded with various hydrophilic probes (dihidro-
influx, and pHi progressively increases up to a value that coincides Rhod-2AM, Fluo-3, and Calcium Green 5N) to detect Ca21m showed
with mDPS/mCICR triggering. Although increases in Ca21m, mem- that the intramitochondrial Ca21 pool sensed by the latter probes
brane depolarization, and matrix alcalinization can all promote PTP does not directly reflect the valueof the transmembrane electropho-
opening (for review, see Zoratti and SzaboÁ , 1995; Bernardi and Pe- retic Ca21 gradient (data not shown; see Rustenbeck et al., 1993),
tronilli, 1996), DC and Ca21m appear here as poor candidates to thus limiting the interest of their use in the present study.
mDPS/mCICR triggering since the same DC value is reached after
the third Ca21 stimulation pulse in (A) and (B), and the Ca21m value mDPS/mCICR Monitoring in Gel-Immobilized Mitochondria
that coincides with PTP opening in (B) is lower than the maximal Mitochondria were suspended (10 mg 3 ml21) at 378C in 50 mM
Ca21m value reached in (A), where the PTP remains closed. On the sucrose, 10 mM succinate, 10 mM Tris (pH 7.5), 1% (w/v) Agarose
contrary, the patterns of increases in pHi during Ca21 uptake (com- type VII and loaded with 25 nmol Ca21 3 mg21. TMRM (100 nM)
pare [A] and [B]) clearly correlate with the Ca21 delivery-rate depen- and Calcium Green 5N (1 mM) were added, and samples of the
dence of mDPS/mCICR triggering and thus indicate that pHi is the suspension were allowed to solidify at 208C on coverslips as z100
major inducer responsible for PTP opening during mDPS/mCICR. mM-thick layers. Dual-channel imaging of TMRM and Calcium Green
5N fluorescence was performed using an argon±krypton confocal
laser scanning microscope (Molecular Dynamics).
determine the precise nature of the topological con- mDPS/mCICR Monitoring in Cell Suspensions
straints that allow mitochondria to contribute actively For all probe loadings and measurements involving intact Ehrlich
cells, the latter were suspended (107 cells 3 ml21) in 140 mM NaCl, 1to the intracellular transduction of information.
Cell
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mM CaCl2, 1 mM MgCl2, 5 mM Na-Pyruvate, 0.1 mM sulfinpyrazone, ATP carrier can be reversibly converted into a large channel by
Ca21. Biochemistry 35, 8483±8488.(DiVirgilio et al., 1990), 10 mM K±HEPES (pH 7.45). For the isolated
study of [Ca21]c transients, Fura 2AM loading, signal measurement, Budd, S.L., and Nicholls, D.G. (1996). A re-evaluation of the role of
and calibration were performed as in Dubyak, 1986. When relevant, mitochondria in neuronal calcium homeostasis. J. Neurochem. 66,
[ATP]i was determined 5 s before agonist stimulation on samples 403±411.
of the suspension processed with a Luciferin/Luciferase-based ATP Caswell, A.H. (1972). The migration of divalent cations in mitochon-
assay kit (BioOrbit). For multiparametric studies, cells were co- dria visualized by a fluorescent chelate probe. J. Membr. Biol. 7,
loaded either with Fura 2AM (Dubyak, 1986) and TMRM (10 nM) or 345±356.
with CTC (Ikeda and Takasaka, 1993) and TMRM (10 nM), allowing,
Caswell, A.H., and Hutchinson, J.D. (1971). Selectivity of cation che-
respectively, the parralel monitoring of [Ca21]c plus DC and of Ca21m lation to tetracyclines: evidence for special conformation of the
plus DC. Superposable DC traces obtained in each set of recordings calcium chelate. Biochem. Biophys. Res. Commun. 43, 625±630.
were used as landmarks to reconstitute the simultaneous dynamics
Clapham, D.E. (1995). Calcium signaling. Cell 80, 259±268.of [Ca21]c and Ca21m. The accuracy of the temporal alignment was
Coll, K.E., Joseph, S.K., Corkey, B.E., and Williamson, J.R. (1982).confirmed by comparing the average response delays in each type
Determination of the matrix free Ca21 concentration and kinetics ofof recording, taking the moment of agonist challenge as reference.
efflux in liver and heart mitochondria. J. Biol. Chem. 257, 8696±8704.Regarding permeabilized cell studies, cells were washed and sus-
pended (5 3 107 cells 3 ml21) in 120 mM KCl, 30 mM HEPES (pH Connern, C.P., and Halestrap, A.P. (1996). Chaotropic agents and
increased matrix volume enhance binding of mitochondrial cycloph-7.3), 1 mM MgCl2, 1 mM ATP, 30 mM phosphocreatine, 30 U 3 ml21
ilin to the inner mitochondrial membrane and sensitize the mitochon-creatine phosphokinase; we added 50 mM digitonin for permeabili-
drial permeability transition to [Ca21]. Biochemistry 35, 8172±8180.zation and 1 mM Fura 2 for monitoring [Ca21]o.
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